The immunomodulatory agent tilorone o2,7-bis-[2-(diethylamino)ethoxy]fluoren-9-oneq and congeners are potent inducers of lysosomal storage of sulphated glycosaminoglycans (GAGs) in animals and cultured fibroblasts of animals and man. All potent inducers of GAG storage hitherto described are bisbasic polycyclic aromatic compounds. They are accumulated in lysosomes and disturb the degradation of GAGs, mainly dermatan sulphate. It has been proposed that the drugs crosslink the polyanionic GAG chains giving rise to undegradable drug-GAG complexes. This hypothesis implies that the bisbasic character of the drug molecules is essential for the side effect in question. In the present study, this was tested by comparing tilorone and its monobasic derivative (MT) with respect to (i) induction of GAG storage in cultured bovine corneal fibroblasts and (ii) physicochemical interactions with GAGs in itro. The intralysosomal concentration of MT achieved after 1-3 days was of the same order of magnitude as previously shown for tilorone. Nevertheless, under conditions that did not enhance the secretion
INTRODUCTION
Dicationic amphiphilic compounds such as tilorone ( Figure 1a ) and congeners are accumulated in lysosomes, interfere with the lysosomal degradation of sulphated glycosaminoglycans (GAGs) and cause lysosomal storage of GAGs, predominantly dermatan sulphate [1] [2] [3] [4] . Drug-induced GAG storage has been described in rats and cultured cells of rat, ox and man [1] [2] [3] [4] [5] [6] [7] . Its occurrence in of a lysosomal enzyme (β-hexosaminidase, EC 3.2.1.52), the ability of MT to cause storage of [$&S]GAGs was significantly lower than that of tilorone. Morphological observations showed that MT was much more potent in causing lysosomal storage of polar lipids than of GAGs. CD spectroscopy with tilorone revealed that the presence of GAGs caused the primarily achiral drug molecules to display CD. This suggested a helical orientation of the tilorone molecules within GAG-drug complexes, and short intermolecular distances which allowed electronic coupling of the aromatic ring systems of adjacent drug molecules. In contrast, MT failed to display any induced optical activity, indicating the absence of highly ordered GAG-drug complexes.
In conclusion, the present results show that the substitution of the planar aromatic ring system with two basic side chains is essential for the high potency of tilorone in inducing lysosomal GAG storage. This is paralleled by, and presumably causally related to, strong physicochemical interactions with GAGs.
patients can be suspected on the basis of clinical reports about ocular side effects [8] [9] [10] . Tilorone and its bisbasic congeners are experimental immunomodulators and have antiviral activities [10] .
All potent inducers of lysosomal GAG storage hitherto described are bisbasic compounds and consist of a planar aromatic ring system symmetrically substituted with two basic side chains. According to our working hypothesis [2, 3] the disturbance of GAG degradation is due to the formation of complexes between the drugs and GAGs, which thereby become resistant to the lysosomal enzymes. On the basis of NMR spectroscopic results obtained with tilorone [3] , it was proposed that the complexes are formed (i) by electrostatic interaction between the side chains of the drug and the GAGs such that the GAG chains are cross-linked and (ii) by intermolecular interactions between the planar ring systems of the drug leading to parallel stacking of the drug molecules within the complexes.
The hypothesis implies that the symmetrically bisbasic character of tilorone is essential for its high potency to induce GAG storage. If so, a monobasic molecule should be unable to disturb GAG degradation or at least should be less potent. This was tested in the present study by comparing tilorone and the monobasic tilorone analogue (MT) with respect to (i) the induction of GAG storage in cultured bovine corneal fibroblasts and (ii) physicochemical interactions with GAGs in itro. MT, although having no immunomodulatory activities [11] , was chosen because it differs from tilorone only by lacking a second diethylaminoethoxy side chain (Figure 1b) . Parts of the present results have been reported in preliminary form [12, 13] .
The present study shows that the bisbasic structure of tilorone, as compared with the monobasic derivative, markedly increases its potency to induce GAG storage and to interact physicochemically with GAGs in itro. These findings should contribute to a better understanding of the pathomechanisms and structureactivity relationships, and may help to avoid this side effect in future drug development.
EXPERIMENTAL Materials
Tilorone dihydrochloride was a gift from the Marion Merrell Dow Research Institute, Marion Merrell Dow Inc. (Cincinnati, OH, U.S.A.). Acridine Orange hydrochloride (dye content 98 %) was purchased from Aldrich (Steinheim, Germany) and used without further purification. MT was synthesized by the late Professor R. Haller (Department of Pharmaceutical Chemistry, University of Kiel) according to a published method [11] . The materials and media for cell culture work were the same as used previously [14] . Na # $&SO % (specific radioactivity 10-100 mCi\mmol) was purchased from Amersham-Buchler (Braunschweig, Germany). Dermatan sulphate (porcine dermis), chondroitin 6-sulphate (whale cartilage), heparin (porcine intestinal mucosa) and all other chemicals were obtained from Sigma (Mu$ nchen, Germany). Cuprolinic Blue was from BDH Chemicals (Poole, Dorset, U.K.).
Cell cultures and experimental conditions
Bovine fibroblasts were obtained from corneal explants as described previously [6] . The cells were propagated by standard techniques in Eagle's minimal essential medium with 10 % fetal calf serum (Boehringer, Mannheim, Germany). For the radiochemical experiments and those dealing with enzyme secretion, a low-sulphate medium was used in which MgCl # was substituted for MgSO % . All experiments were performed at a constant ratio of medium volume to surface area of the confluent cell layer (0.37 ml\cm#). Exposure to the drug usually lasted 72 h, with no change of the culture medium. This time period was previously found to be most appropriate for inducing marked GAG storage with tilorone and its bisbasic analogues [7, 14] .
Determination of intralysosomal drug accumulation
The experiments were performed with an initial medium concentration of 5 µM MT. The disappearance of the drug from the medium was monitored [3] . At the indicated times, medium was removed and stored at k30 mC until further analysis. In order to determine the proportion of drug that disappeared from the medium as the result of accumulation in acidic cellular compartments after 24 h, ammonia (10 mM) was applied together with MT. The proportion of drug that disappeared as the result of physicochemical adsorption to biomembranes and other cell constituents was determined by incubating non-viable cells (three freeze-thaw cycles) ; after incubation the cell fragments were removed by centrifugation (115 500 g ; 20 min). Aliquots (50 µl) of the culture medium were analysed on a reversed-phase column (LiChrospher 60 RP-Select B ; 5 µm ; 250 mmi4 mm ; Merck, Darmstadt, Germany) by HPLC. A UV detector (270 nm) was used for quantification. The mobile phase consisted of 20 mM phosphate buffer (pH 3.4) containing 30 % acetonitrile.
Enzyme assay
The culture medium was harvested. The cell layers were rinsed with PBS, scraped off and collected in distilled water. After freezing and thawing, the cellular material was subjected to ultrasonication. The activity of β-hexosaminidase (EC 3.2.1.52) was determined photometrically in medium and cell lysates as described previously [4] , with 4-methylumbelliferyl N-acetyl-β--glucosaminide as substrate. To account for β-hexosaminidase activity contributed by the fetal calf serum in the medium, each experiment included two flasks containing medium without cells.
Determination of intracellular [ 35 S]GAG accumulation
The cell layers were incubated for 72 h with Na # $&SO % (0.5 µCi\ml) in the absence or presence of the drugs, and intracellular [$&S]GAGs were determined by standard techniques [15, 16] . We are aware that this approach does not allow differentiation between free [$&S]GAG chains and those present as integral parts of proteoglycans. The radioactivity was related to cell protein [17] .
CD spectroscopy
For determination of the interactions of Acridine Orange, tilorone and MT with GAGs, solutions containing 100 µM GAG and 10 µM drug were prepared in distilled water. GAG concentration is expressed in terms of the average molecular mass of the disaccharide units. At drug concentrations above 300 µM (Acridine Orange, tilorone), the mixtures were turbid owing to formation of water-insoluble drug-GAG complexes. Absorption spectra were recorded with a Beckman DB GT recording spectrophotometer. CD spectra were obtained with a Jasco J-40 A recording spectropolarimeter. The values of molar ellipticity were calculated on the basis of total drug concentration. For each type of solution a minimum of four independent preparations were investigated.
Histochemistry and electron microscopy
Histochemical staining of polysulphated storage material was performed using Cuprolinic Blue (0.05 %, pH 5.7, 0.3 M MgCl # ) [18] . Histochemical detection of polar lipid storage was achieved by staining with osmium tetroxide\tannic acid [19] . For ultrastructural examination, the cells were fixed with glutaraldehyde and osmium tetroxide and processed by standard methods as described previously [14] .
RESULTS

Intralysosomal drug accumulation
The time course of lysosomal accumulation of MT was followed by monitoring the decline in drug concentration in the culture medium [3, 20] . Lysosomotropic weak bases are known to be accumulated in acidic cellular compartments to such an extent that, under the standard conditions of cell culture work, the drug becomes significantly extracted from the medium [20, 21] .
When confluent cell layers were incubated with 5 µM MT, its concentration in the medium gradually declined, reaching a value of 2.4 µM after 24 h and 0.7 µM after 72 h (Figure 2 ). Since the cationic amphiphilic drug molecules could be expected also to become adsorbed to cell constituents such as biomembranes and DNA, control experiments using non-viable fibroblasts were performed. In this case the medium concentration had decreased to 3.25 µM after 24 h (Figure 2 , inset) and to 3.0 µM after 72 h. These data indicate that (i) cell viability was a major prerequisite for drug extraction from the medium and (ii) adsorption to cell fragments (biomembranes, DNA) and the plastic surfaces of the culture dish had nearly reached equilibrium after 24 h.
To test whether the difference between drug uptake by viable cells and adsorption to non-viable cells was due to trapping within acidic cellular compartments, viable cells were exposed to 5 µM MT in the presence of 10 mM NH % Cl for 24 h. Ammonia is rapidly accumulated in acidic organelles, thereby increasing the pH [22] and abolishing the accumulation of other lysosomotropic agents [20] . Under these conditions, drug extraction from the medium resulted in a concentration of 3 µM (Figure 2 , inset), thus hardly exceeding extraction due to adsorption to non-viable cells. The result indicates that extraction of the drug from the medium under standard conditions minus that observed with non-viable cells was for the most part due to entrapment of the drug in acidic cellular compartments. Assuming a cellular volume of 0.2 µl\cm# of cell layer surface [3] and a lysosomal fraction of 10 % of the cellular volume [23] , the intralysosomal concentration of MT can be estimated to be at least 10 mM after 24 h of exposure. For tilorone an intralysosomal concentration of approximately 50 mM was previously estimated under identical experimental conditions [3] .
Concerning the time course of accumulation, there was a remarkable difference between MT and tilorone, the curve for which [3] is included in Figure 2 for comparison. Tilorone accumulation proceeds faster and in a biphasic manner.
Dose-response curve for lysosomal enzyme secretion
As explained in the Discussion, it was essential for our present purposes to compare the drug effects on GAG storage at concentrations that did not enhance the physiological secretion of lysosomal enzymes. β-Hexosaminidase was selected as a representative of the soluble lysosomal enzymes. A dose-response curve ( Figure 3 ) was established describing the effects of MT on enzyme release, which was defined as corresponding to the extracellular fraction of the total enzyme activity in the culture system. In control cultures the extracellular fraction amounted to 42p1.5 %. In cultures exposed to low MT concentrations (10-17.5 µM) the extracellular fraction was smaller than in controls although the absolute values of enzyme activity in the medium remained unchanged. This result was due to an increase in intracellular enzyme activity (results not shown) which thus made a larger contribution to the total activity. Similar results were previously obtained with low tilorone concentrations [4] . At MT concentrations above 17.5 µM, the extracellular enzyme fraction increased, indicating enhanced enzyme release. Tilorone was previously found to enhance enzyme secretion at concentrations above 5 µM [4] .
Induction of [ 35 S]GAG storage
Exposure (72 h) to 10 µM MT was without effect on intracellular [$&S]GAG content (results not shown). Since the lysosomal accumulation of MT was significantly slower than that of tilorone (Figure 2 ), it might be suspected that a period of 72 h was too short. Therefore the exposure to MT (10 µM) was prolonged to 96 h. Nevertheless, the intracellular [$&S]GAG content expressed as a multiple of the control level was no more than 1.1p0.04 (meanpS.E.M. ; n l 4). As a positive control, tilorone (5 µM) was included in this experiment (exposure for 60 h only) ; here, the [$&S]GAG content was increased by a factor of 4.1p0.34 (n l 4). To compare the drug effects after equal exposure times (72 h), we chose 17.5 µM MT and 1.75 µM tilorone. The results are shown in Figure 4 . MT caused an increase in intracellular [$&S]GAG content by a factor of 1.73, whereas tilorone induced a 3-fold elevation.
CD spectroscopy
CD spectroscopy was used to search for physicochemical interactions between the drugs and GAGs in itro. Since cultured bovine corneal fibroblasts have been previously shown to synthesize dermatan sulphate, chondroitin sulphate and heparan sulphate [3] , these GAGs were also employed here, except that heparin was used instead of heparan sulphate. As a positive control, Acridine Orange (Figure 1c ) was included. This bisbasic dye is known to interact with GAGs in itro [24] [25] [26] [27] and to induce lysosomal GAG storage in cultured fibroblasts [28] .
The GAGs investigated did not absorb UV light (Figure 5a ), whereas the tricyclic aromatic ring systems of the drugs investigated displayed strong absorption in the UV region with maxima between 260 and 270 nm (Figures 5b-5d ). On recording CD spectra, no optical activity could be demonstrated in the UV region when only one of the investigated compounds was present in the solution (Figure 5e ). Quite different results were obtained with solutions containing the bisbasic compounds together with the GAGs (Figures 5f-5g) . Characteristic biphasic CD bands were observed, which were centred at wavelengths near to the absorption maxima of the dye and drug respectively. As to Acridine Orange, this induced CD has been assigned to the formation of helically ordered complexes between the dye and GAGs resulting in stacking and thus electronic coupling of the chromophores of adjacent dye molecules [25, 26, 29] . As another control, spectra were recorded for tilorone in the presence of a bivalent cation that is known to compete with cationic dyes or drugs for the binding sites on GAGs, thus disturbing complexformation [30] . In the presence of 5 mM Mg# + the CD signal was significantly diminished (results not shown). In contrast with tilorone, MT failed to show any induced optical activity, irrespective of whether it was used at a concentration of 10 µM (Figure 5h ) or 100 µM (not shown). 
Morphological observations
A histochemical hallmark of lysosomal GAG storage is the occurrence of cytoplasmic inclusions selectively stainable with tetracationic dyes such as Cuprolinic Blue [18, 30] . After exposure to MT (17.5 µM), the cytoplasm of some cells displayed minute metachromatically staining particles detectable in the original preparations but too small to be visible in the photomicrographs (Figure 6a) . Tilorone (1.75 µM), on the other hand, caused Cuprolinic Blue-positive inclusions which were clearly visible in a proportion of cells (Figure 6b ). Since MT, on the basis of its chemical structure, was suspected of causing lysosomal storage of polar lipids (lipidosis) [31, 32] , an osmium tetroxide\tannic acid stain [19] was employed for histochemical detection of corresponding lesions. MT caused numerous inclusions in all cells (Figure 6c ), whereas tilorone induced moderate lipidosis in some cells only (Figure 6d ).
Figure 7 Ultrastructure of the drug-induced lysosomal lesions
Fibroblasts from the same experiment as in Figure 6 . Ultrastructurally, all cells exposed to MT (17.5 µM) displayed numerous lamellated inclusions (Figure 7b ) which are known to be the ultrastructural hallmarks of lipidosis [32] ; morphological counterparts of lysosomal GAG storage could not be detected. MT caused marked lipidosis even at the lowest concentration tested (5 µM). After treatment with tilorone (1.75 µM), the lysosomes were changed into vacuoles harbouring small amounts of floccular material (Figure 7c ). This appearance has been shown previously to represent the ultrastructural counterpart of lysosomal GAG storage [6, 28] .
DISCUSSION
The aim of the current investigation was to contribute to the understanding of drug-induced lysosomal GAG storage, since this drug effect is likely to occur in man [8] [9] [10] . The aim was to determine whether the bisbasic character of the tilorone molecule is significant in its high potency to cause GAG storage. For the comparison between tilorone and its monobasic analogue (MT) two experimental pitfalls had to be excluded : (i) lower intralysosomal concentrations of MT compared with tilorone ; (ii) enhancement of lysosomal enzyme secretion as an indication of general perturbation of the endosomal\lysosomal system [33, 34] . In cultured cells, all lysosomotropic bases including tilorone can interfere with the mannose-6-phosphate-receptor-mediated targeting of newly synthesized enzymes from the Golgi apparatus to the lysosome, provided that the agents are applied at sufficiently high concentrations [33, 35] . The lysosomes become cut off from the supply of new enzymes and, as a result, various types of nondegraded macromolecules pile up [34] . This rather unspecific lysosomal storage has to be distinguished from the GAG storage that occurs at lower drug concentrations that do not enhance secretion of lysosomal enzyme [4] .
Lysosomal drug accumulation
Theoretical calculations [36] predict that the intralysosomal accumulation of a bisbasic compound is higher than that of a monobasic compound by the power of two. This prediction is based on several assumptions [36] , one of which is that lysosomotropic compounds do not bind to substrates such as polar lipids, proteins or carbohydrates within the lysosomes. With the drugs under study, this prediction probably does not hold true since the cationic amphiphilic molecules of tilorone and MT can be assumed to bind to GAGs and polar lipids respectively [31] and are thus removed from the equilibrium to different degrees. The present and previous [3] estimations of intralysosomal drug concentrations show that, on exposure to an initial medium concentration of 5 µM, tilorone and MT differed only by a factor of 5 after 24 h. The difference decreased further with longer incubation periods, since the concentration of both drugs in the culture medium decreased to the same value (0.7 µM) after 72 h. Tilorone and MT were markedly different with respect to the time course of accumulation. The initially rapid cellular uptake of tilorone closely resembles that of chloroquine [23] and is mainly a result of entrapment in acidic cellular organelles [3] . The slower accumulation of MT may be due to the fact that its adsorption to cellular constituents such as biomembranes ( Figure  2, inset) is stronger than that of tilorone [3] . This may function as a buffer delaying the trapping within the acidic organelles.
Induction of GAG storage
To compensate for the lower lysosomal accumulation of MT, we used a tenfold higher medium concentration of MT than of tilorone (17.5 µM versus 1.75 µM) for the comparative experiments. Even if tilorone, under the given culture conditions, were totally extracted from the medium and were accumulated exclusively in the lysosomes, a lysosomal concentration not higher than 3 mM would be reached. This assumed concentration is just one-third of that estimated in this study for MT (24 h) at an initial medium concentration of 5 µM. Therefore the low [$&S]GAG accumulation after 72 h exposure even to 17.5 µM MT strongly suggests that this compound indeed has a much smaller ability to disturb lysosomal GAG degradation. The radiochemical findings were confirmed by morphological observations. One might argue further that the lower potency of MT might be due to its slower intralysosomal accumulation, which would shorten the time available for the drug to disturb the lysosomal GAG catabolism. This explanation was disproved by the finding that prolonged exposure (96 h) to MT (10 µM) failed to augment the intracellular [$&S]GAG contents over control levels.
Drug-GAG interaction as a possible basis for the induction of GAG storage
Previous NMR studies have shown that tilorone and GAGs form complexes in the millimolar range, with dermatan sulphate being the preferred binding partner [3] . Since GAGs are known to adopt a helical conformation in aqueous solution [37] [38] [39] , CD spectroscopy was performed to compare tilorone and MT with respect to their interaction with GAGs. The present CD spectra indicate that, in the investigated concentration range, tilorone, but not MT, strongly interacts with the GAGs. Since coupling of aromatic π-electron systems of adjacent drug molecules is a prerequisite for the induced optical activity, the results indicate that the fluorenone nuclei of tilorone closely approximate to each other within the drug-GAG complexes. This in turn may be a consequence of electrostatic binding of the dicationic tilorone molecules to sulphate and carboxylate groups, whereby crossbridges between two GAG helices are formed. This would be in accordance with previous NMR findings which also led to the conclusion that tilorone molecules cross-link at least two GAG chains [3] . The substitution of the aromatic ring system with two basic side chains largely favours the formation of cross-links. In contrast, MT may be unable to bridge the gap between two GAG helices and therefore failed in the present study to exhibit induced optical activity in the presence of GAGs.
The present results do not exclude the possibility that MT undergoes electrostatic interactions with GAGs as it has also been shown in itro for other monocationic drugs such as chlorpromazine [40] . According to the CD results, however, this would not lead to highly ordered complexes as it does with tilorone. Electrostatic interactions between MT and GAGs may also have some impact on GAG degradation and may be the basis for the low GAG-storage-inducing potency. In contrast, the lipidosis-inducing ability of MT was much higher, as judged from morphological observations. These findings are compatible with a previously proposed mechanism [31, 41] : the cationic amphiphilic drug molecules are thought to form complexes with the likewise amphiphilic polar lipids by electrostatic and hydrophobic forces and thereby disturb enzymic lipid degradation. For such interactions the monosubstituted aromatic ring system may be more favourable than the disubstituted ring system of tilorone, where the second side chain in its charged form may impede interaction between the aromatic ring system and the apolar lipid moieties.
In conclusion, substituting an aromatic ring system with two basic side chains, as opposed to one, markedly enhances its potency to induce lysosomal GAG storage. This is paralleled by, and perhaps causally related to, strong physicochemical interaction with GAGs.
